Choline is an essential nutrient that is required for synthesis of the main eukaryote phospholipid, phosphatidylcholine. Macrophages are innate immune cells that survey and respond to danger and damage signals. Although it is well-known that energy metabolism can dictate macrophage function, little is known as to the importance of choline homeostasis in macrophage biology. We hypothesized that the uptake and metabolism of choline are important for macrophage inflammation. Polarization of primary bone marrow macrophages with lipopolysaccharide (LPS) resulted in an increased rate of choline uptake and higher levels of PC synthesis. This was attributed to a substantial increase in the transcript and protein expression of the choline transporter-like protein-1 (CTL1) in polarized cells. We next sought to determine the importance of choline uptake and CTL1 for macrophage immune responsiveness. Chronic pharmacological or CTL1 antibody-mediated inhibition of choline uptake resulted in altered cytokine secretion in response to LPS, which was associated with increased levels of diacylglycerol and activation of protein kinase C. These experiments establish a previously unappreciated link between choline phospholipid metabolism and macrophage immune responsiveness, highlighting a critical and regulatory role for macrophage choline uptake via the CTL1 transporter.
Choline is an essential nutrient that is required for synthesis of the main eukaryote phospholipid, phosphatidylcholine. Macrophages are innate immune cells that survey and respond to danger and damage signals. Although it is well-known that energy metabolism can dictate macrophage function, little is known as to the importance of choline homeostasis in macrophage biology. We hypothesized that the uptake and metabolism of choline are important for macrophage inflammation. Polarization of primary bone marrow macrophages with lipopolysaccharide (LPS) resulted in an increased rate of choline uptake and higher levels of PC synthesis. This was attributed to a substantial increase in the transcript and protein expression of the choline transporter-like protein-1 (CTL1) in polarized cells. We next sought to determine the importance of choline uptake and CTL1 for macrophage immune responsiveness. Chronic pharmacological or CTL1 antibody-mediated inhibition of choline uptake resulted in altered cytokine secretion in response to LPS, which was associated with increased levels of diacylglycerol and activation of protein kinase C. These experiments establish a previously unappreciated link between choline phospholipid metabolism and macrophage immune responsiveness, highlighting a critical and regulatory role for macrophage choline uptake via the CTL1 transporter.
Macrophages represent a diverse and plastic subset of phagocytic innate immune cells that are critically important for immune surveillance and tissue homeostasis. In vivo, macrophage phenotypes are almost exclusively driven by external stimuli that dictate the activation of necessary cellular programs (1, 2) . In the context of infection or pro-inflammatory stimuli, macrophages evoke a wave of cellular responses, including the production and secretion of cytokines as well as membrane biogenesis and phagocytosis. These processes are intricately linked to phospholipid homeostasis; however, there are few papers linking phospholipid metabolism and macrophage biology.
Choline is a quaternary amine and essential nutrient that participates in acetylcholine synthesis (cholinergic neurons) and one-carbon metabolism (primarily thought to be in the liver and kidney). However, in eukaryotic nonneuronal cells, choline is predominantly used for the synthesis of phosphatidylcholine (PC), 5 the major outer-leaflet phospholipid. Once inside the cell, choline is shuttled along the Kennedy pathway (3) and combined with diacylglycerol (DAG) to form PC at the ER membrane. Moreover, PC can also be degraded by numerous phospholipases to yield lipid intermediates that can then be recycled or further processed. Although under most conditions, the CTP:phosphocholine cytidylyltransferase (CCT) or DAG availability has been shown to control flux through the Kennedy pathway (4), recent studies have begun to shed light on the potential regulation of this pathway by choline transporters (5) (6) (7) .
Due to its positive charge, specialized transporters facilitate cellular choline uptake. High-affinity transport exists in cholinergic neurons (via CHT1/Slc5a7) (8, 9) , whereas members of the organic cation transporter family (OCT/Slc22a1-20) are generic transporters of heavy metals and organic cations that have a low rate and specificity for transporting choline (10, 11) . Another family of choline transporters has been identified and named the choline transporter-like proteins (CTL1-5). CTL1 is ). The authors declare that they have no conflicts of interest with the contents of this article. This article contains Figs. S1-S6. 1 Both authors contributed equally to this work. 2 Supported by an NSERC Canadian Graduate Scholarship. 3 Supported by an Ontario Graduate Scholarship. 4 cro ARTICLE ubiquitously expressed and is thought to be primarily responsible for mediating choline uptake in nonneuronal cells (5, 6, (12) (13) (14) (15) (16) . Although few studies have investigated choline metabolism in immune cells, early experiments revealed that macrophage stimulation with the bacterial endotoxin lipopolysaccharide (LPS) acutely increased PC synthesis (17, 18) . When PC synthesis was compromised by myeloid-specific deletion of CCT␣ (the rate-limiting enzyme in PC synthesis), cells had a reduced capacity to secrete pro-inflammatory cytokines in response to LPS (19). These data suggest that in response to an inflammatory insult, choline availability and PC synthesis may be important.
In the present study, we sought to investigate how macrophage LPS polarization affects choline uptake and subsequent metabolism. We observed an increase in PC synthesis in response to LPS due to an up-regulation in the transcription of the CTL1 gene (Slc44a1), which facilitates an increased rate of uptake and synthesis of PC. Conversely, we also sought to ask the reciprocal question of how limiting the availability of choline might affect acute response to LPS stimulation. Pharmacological and antibody-mediated inhibition of CTL1 limited choline uptake and diminished PC content, which altered cytokine secretion. Interestingly, we found that inhibition of PC synthesis resulted in an increase in DAG accumulation and subsequent protein kinase C (PKC) activation. Restoring PC levels and inhibiting PKC activity were important for regulating the pro-inflammatory responses, linking macrophage phospholipid metabolism and inflammation.
Results

Macrophage LPS stimulation increases choline uptake and alters PC homeostasis
LPS is known to increase choline incorporation into PC (17, 18) ; however, the effect of long-term exposure to LPS on choline uptake and metabolism remains unclear. Bone marrowderived macrophages (BMDM) were treated for 48 h with LPS, and the transcript expression of pro-inflammatory (Tnfa, Il1b, Il6, and the ratio of iNos/Arg1) or anti-inflammatory (Tgfb1 and Mrc1) markers was measured to confirm polarization (Fig. S1 ). The rate of choline uptake was markedly increased in M[LPS] compared with control M[0] (Fig. 1A) . Moreover, LPS-polarization increased the maximal transport of choline from 418 Ϯ 49 to 821 Ϯ 62 pmol/mg/min, where the apparent affinity remained unchanged (68.62 Ϯ 20.07 to 72.66 Ϯ 13.42 M) (Fig.  1B) .
Following uptake in nonhepatic or renal tissue, choline is rapidly phosphorylated and shuttled along the CDP-choline pathway to produce PC. In keeping with an increased rate of uptake, the incorporation of [ 3 H]choline into PC was higher in LPS-stimulated macrophages (Fig. 1C) . It has been shown previously that arachidonic acid (AA) liberated from PC via the actions of phospholipase A2 can have subsequent roles in inflammatory signaling via conversion to prostaglandin and lipid mediators following LPS stimulation (17, 20, 21) . We reasoned that perhaps LPS stimulation of PC synthesis might be accompanied by a coordinated increase in overall PC turnover to facilitate AA metabolism. However, pulse-chase experiments revealed no difference in the rate of PC degradation between M[LPS] and M[0] cells (Fig. S2A ). There was also no difference in the sensitivity to the choline uptake inhibitor hemicholinium-3 (HC3) between naive and LPS-treated cells (Fig. S2B ). These data indicate that when chronically polarized with LPS, choline transport and subsequent incorporation into PC are up-regulated.
To validate these findings and address directly whether the levels of PC and/or the downstream lipid sphingomyelin (SM) were increased following LPS stimulation, we used a targeted lipidomic approach to profile and quantify total content and lipid species at the molecular level. A total of 35 PC and 27 SM Figure 1 . LPS stimulation increases choline uptake and PC synthesis. BMDM were treated with LPS (100 ng/ml) for 48 h before measuring choline uptake. A, choline uptake was measured at the indicated times by incubating cells in a solution of KRH buffer containing 1 Ci/ml [ 3 H]choline chloride (n ϭ 6 separate bone marrow isolations, each performed in triplicate). B, choline uptake was measured over 10 min by incubating cells in a solution of KRH buffer containing 1 Ci/ml [ 3 H]choline chloride and increasing amounts of nonradiolabeled "cold" choline (n ϭ 6 -8 separate bone marrow isolations, each performed in triplicate). Choline uptake was determined by measuring intracellular radioactivity, which was plotted against the amount of protein. C, BMDM were treated with LPS (100 ng/ml) for 48 h before treatment with 1 Ci/ml [ 3 H]choline chloride in DMEM for the indicated times, and the incorporation into PC was determined (n ϭ 6 -9 separate bone marrow isolations, each performed in triplicate). Data are expressed as mean Ϯ S.E. (error bars). The rates of choline uptake (A) were determined via linear regression, where the p value indicated represents significance between M[0] and M[LPS] cells. For choline uptake kinetics (B), data were fit to the Michaelis-Menten curve, and statistical significance is represented as follows: ****, p Ͻ 0.0001, as determined by a comparison of the curve fit using extra sum-of-squares F-test. For PC synthesis (C), statistical significance is represented as follows: *, p Ͻ 0.05; **, p Ͻ 0.01; ****, p Ͻ 0.0001 compared between treatments; ##, p Ͻ 0.01 compared with the 2-h time point determined by two-way ANOVA.
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species were detected by HPLC electrospray ionization tandem MS (HPLC-ESI-MS/MS). Corroborating recent work in murine immortalized macrophages (22) , we found that in LPStreated macrophages, total PC content was increased ϳ50% ( Fig. 2A) (p ϭ 0.0817, using a small sample size of n ϭ 3). There was a trend consistent with higher levels of SM in LPS-treated cells, although side-chain composition was only different between treatments in SM(d18:1/16:0) (Fig. S3, A and B) . However, there was a significant increase in the most abundant PC molecular species, including PC(16:0/16:1), PC(16:0/18:1), PC(16:1/18:1), and PC(18:0/18:2) (Fig. 2B) , which represent potentially newly synthesized, desaturated, and elongated fatty acids. The transcript expression of Elovl6 and Scd1, which encode for the elongase and desaturase activity, respectively, were up-regulated by 48-h LPS treatment (Fig. S3C) . To further investigate this phenomenon, we measured LPS-stimulated de novo fatty acid synthesis by assessing the incorporation of [ 3 H]acetate into all lipids, which was increased overall (Fig. 2C ) and confirms previously published work (23) . Interestingly, despite the dramatic increase in [ 3 H]acetate-derived fatty acids and an absolute increase in PC, the relative proportion of de novo fatty acids incorporated into the total phospholipid pool diminishes with LPS treatment compared with control (51.73% versus 36.55%; p Ͻ 0.01). As reported previously (24, 25) , LPS triggered an increased fatty acid incorporation into triglyceride (TG) (29.89% versus 45.09%; p Ͻ 0.0001), where fatty acid esterification onto DAG or cholesteryl esters remained consistent between naive and LPS-treated macrophages (Fig. 2C) .
Together, these results demonstrate that chronic LPS polarization stimulates an increase in total PC and a remodeling of fatty acid side chains, potentially in keeping with augmented lipogenesis observed with 48-h LPS-polarized cells.
The choline transporter CTL1 is up-regulated in LPS-stimulated macrophages
We hypothesized that the protein expression of choline transporters was increased in LPS-stimulated cells, which would explain the observed increase in the maximal rate of choline transport. We first assessed the transcript levels of the potential choline transport proteins (choline transporter-like proteins Slc44a1-5, organic cation transporters Slc22a1-3, and the high-affinity choline transporter Slc5a7) and show that only Slc44a1/CTL1 and Slc44a2/CTL2 were expressed in BMDM ( Fig. 3 ) (data not shown). In response to chronic LPS stimulation, the transcript expression of Slc44a1 and Slc44a2 was significantly increased compared with untreated cells (Fig.  3A ). There were no differences in transcript expression of the first two enzymes in the CDP-choline pathway, Chka or Pcyt1, or the rate-limiting enzyme of the CDP-ethanolamine pathway, Pcyt2 (Fig. 4A ). Interestingly, although there was a corresponding up-regulation of the CTL1 protein with LPS stimulation, CTL2 protein expression was unchanged (Fig. 3B ). This was counter to the increased Slc44a2 transcript expression and suggests that CTL1 is the main choline transporter in BMDM. Taken together, these results demonstrate that in response to chronic stimulation with LPS, the transcript and protein expression of CTL1 is correspondingly higher and may facilitate the increase in choline metabolism fueled by inflammatory stimulation. 
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Whole-body choline deficiency manifests symptoms of fatty liver and muscle fatigue (26) ; however, the effects of choline depletion on macrophages are not known. To address this question, we used a pharmacological and antibody occlusion approach to chronically inhibit general and CTL1-specific choline uptake. Following a chronic (48-h) incubation with either the choline uptake inhibitor HC3 or a CTL1-specific primary antibody (CTL1-Ab), choline uptake was significantly reduced (Fig. 4A) . Next, we treated macrophages with either HC3 or the CTL1-Ab in the presence of [ 3 H]choline for 48 h to assess the endogenous pool of PC after the duration of choline uptake inhibition. In keeping with the choline uptake measurements, the amount of PC was significantly reduced in both HC3 and CTL1-Ab-treated cells (Fig. 4B ). HC3-mediated choline uptake inhibition was equal to that of the CTL1-specific antibody, suggesting that CTL1 is the primary transporter of choline in these cells. Chronic treatment at the indicated concentrations of HC3 had no affect on cell size and slightly but significantly decreased cell viability (Fig. S4 ). These effects were not observed using the CTL1-Ab (data not shown).
Chronic inhibition of choline uptake alters cytokine secretion
Previous work has shown that CCT␣-deficient macrophages, which lack the rate-limiting enzyme in the CDP-choline pathway and have reduced PC content, secrete less TNF␣ and IL-6 in response to LPS. This is due to secretory defects at the level of the ER and Golgi. In our BMDM model of choline uptake inhibition, we used a cytokine array panel and determined that chronic HC3 treatment altered 6-h LPS-stimulated secretion of various cytokines and chemokines, including TNF␣ and IL-10 ( Fig. S5 ). Contrary to the findings in CCT␣-deficient cells, when we assessed LPS-stimulated primary macrophages that had experienced chronic choline uptake inhibition (6-h LPS), we observed a significant increase in the secretion of both TNF␣ and IL-6, along with significant reductions in IL-10 secretion (Fig. 5, A-C) , whereas no differences in IL-1␤ were seen (data not shown). The affect of choline uptake inhibition was only noted in the presence of LPS (Fig. 5, A-C) .
Inhibition of choline uptake increases DAG and PKC activation
The final step in the biosynthesis of PC involves the combination of CDP-choline and DAG at the ER. We next tested the hypothesis that the inhibition of choline uptake subsequently altered the levels or metabolism of DAG. We incubated BMDM with either HC3 or the CTL1-Ab in the presence of [ 3 H]glycerol for 48 h and demonstrated that in response to both forms of inhibition, there was a marked increase in the amount of DAG (Fig. 6A ). In addition, there was a significant increase in TG levels ( Fig. 6B) and, as expected, a significant reduction in [ 3 H]glycerol incorporation into PC (Fig. 6C ). In keeping with altered DAG metabolism, HC3 treatment resulted in an increase in the transcript expression of the final step of TG synthesis, Dgat2, but not Dgat1 (Fig. 6D) . This was associated with more defined lipid droplets in HC3-treated cells (Fig. 6E) . Increased cellular DAG is known to activate conventional and novel isoforms of PKC, which in turn has been linked to macrophage inflammation (27) (28) (29) . HC3-mediated chronic choline Macrophage inflammation and choline metabolism inhibition was associated with an overall increase in macrophage PKC activity as assessed using a substrate motif antibody (Fig. 7) , where in cells treated with the choline uptake inhibitor, an increased abundance of phosphorylated PKC substrates was observed.
Restoring PC levels but not inhibition of PKC rescues cytokine secretion
Inhibiting choline uptake directly skewed the macrophage inflammatory profile. As a final interrogation, we aimed to rescue the aberrant cytokine secretion via two independent approaches. We first supplemented macrophages with excess choline in the media (500 M) in the presence of both HC3 and the CTL1-Ab. We hypothesized that excess choline would compete with the inhibitor and potentially restore choline uptake and metabolism. Interestingly, choline treatment rescued the levels of TNF␣, IL-6, and IL-10 that were altered by HC3 (Fig. 8, A-C) ; however, in the presence of the CTL1-Ab, excess choline treatment was completely ineffective (Fig. 8,  D-F) . As a secondary approach, cells were treated with the conventional/novel PKC inhibitor bisindolylmaleimide I (BIM) (30) (20 M) concurrently with HC3 and CTL1-Ab inhibition to potentially counter DAG-mediated PKC signaling. Independent of pharmacological or antibody-mediated choline inhibi- Figure 7 . Inhibiting choline uptake is associated with higher PKC activity. Choline uptake was inhibited in BMDM for 48 h using HC3 (250 M). Cell lysate was collected and immunoblotted using a PKC substrate motif antibody. Equal loading was confirmed by using ␤-actin, run on a duplicate gel (n ϭ 4 separate isolations, each performed in duplicate). Blots are representative images of the biological replicates. tion, BIM treatment was partially able to correct the secreted levels of LPS-stimulated TNF␣, IL-6, and IL-10 ( Fig. 8, A-F) . Finally, we confirmed that the supplementation of excess choline was able to dilute the effect of HC3-mediated inhibition on choline uptake and increased PC levels ( Fig. 9A ) but had no effect in cells treated with the CTL1-Ab. As expected, BIM treatment had no effect on PC levels (Fig. 9B) .
Discussion
The metabolism of immune cells is intimately linked to cellular responses and programs (31, 32) , but how phospholipid homeostasis is regulated in immunometabolism remains unclear. The current study looked to investigate the link between choline uptake, its subsequent metabolism, and inflammation in primary murine macrophages.
Macrophage activation is coupled with changes in membrane composition and dynamics; however, unlike other immune cells, such as T cell and natural killer cells, differentiated macrophages do not routinely undergo proliferative expansion. Hence, the induction of phospholipid biosynthesis, mainly PC, has been mainly attributed to a need for processes such as phagocytosis, organelle biogenesis, secretory functions, and endocytosis (33) . Past work had established that acute LPS stimulation of elicited peritoneal macrophages increased the incorporation of [ 3 H]choline into PC; however, the mechanisms responsible have remained unclear (18) . Here, we corroborate past findings and also show a higher rate of PC synthesis in response to LPS (Figs. 2 and 3 ). Coupled to this, we also demonstrate that the transport of choline via CTL1 is specifically up-regulated in LPS-stimulated macrophages (Figs. 1-3 ). Augmented flux through the CDP-choline pathway has also been previously demonstrated in LPS-stimulated B cells (34), THP-1 monocytes (17), and elicited peritoneal macrophages (18, 19) . Interestingly, in B cells, this was due to the up-regulation of choline phosphotransferase and lipin-1 genes, as well as an enhanced function of CCT, the rate-limiting enzyme in PC synthesis (34) . A subsequent study by the same group using peritoneal macrophages revealed that LPS stimulation increased the gene expression of both the choline/ethanolamine phosphotransferase and CCT gene (Pcyt1). In our LPS-stimulated BMDM model, transcript expressions of genes in the CDP-choline pathway were unaltered (Fig. 3 ). However, it is possible that CCT function was augmented post-transcriptionally in response to higher levels of fatty acids (Fig. 2) and increased availability of intracellular choline (Fig. 1) . Whereas previous studies did not investigate the expression of choline transporters in their model systems, there remains the potential that choline transport was also augmented to facilitate the 
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increased PC biosynthesis in LPS-stimulated B cells and peritoneal macrophages.
The increase in LPS-stimulated choline uptake was associated with higher levels of PC. However, coupled to this was an overall increase in de novo lipogenesis. Although it is wellknown that LPS and other pro-inflammatory stimuli polarize macrophages toward a cellular program that favors glucose uptake, glycolysis, and diminished fatty acid ␤-oxidation (35, 36) , it was recently shown that this augmented glucose metabolism is at least partly responsible for the higher levels of fatty acid synthesis and TG storage (25) . Moreover, during monocyte-macrophage differentiation, sterol regulatory elementbinding protein-induced fatty acid synthesis is also bolstered and directly facilitates increases in phospholipid synthesis (37) . This presents a potential scenario whereby upon LPS stimulation, glucose uptake and transcriptional programs drive fatty acid and TG synthesis as well as choline uptake to facilitate PC synthesis. Whether diminishing the availability of choline or inhibiting choline uptake perturbs this LPS-derived increase in fatty acid production has yet to be investigated.
When human THP-1 monocytes underwent phorbol esterinduced differentiation into macrophages, this was accompanied by a similar disappearance of CTL1 from the cell surface and a presumed reduction in PC synthesis (although this was never measured) (5) . In primary macrophages, we now demonstrate that the only choline transporters expressed are Slc44a1 and Slc44a2 (Fig. 3A) (data not shown) . Moreover, LPS stimulation induces the transcript expression of both the CTL1 and CTL2 genes, while at the protein level, only CTL1 was increased (Fig. 3B) . The mechanism by which only the CTL1 protein is up-regulated is unclear. However, in subsequent experiments, we used increasing amounts of a CTL1-specific antibody to show that the majority of macrophage choline uptake was CTL1-dependent, as PC synthesis decreased more than 80% and cell viability was compromised as antibody concentrations increased (Fig. 4) (data not shown) . A previous characterization of the CTL1 promoter uncovered a putative binding site for the NF-B transcription factor, which was validated in vitro by gel mobility shift assays (38) . Future studies are needed to verify whether NF-B signaling is required for the LPS-induced upregulation of CTL1 and hence choline uptake.
Whereas LPS stimulation of macrophages increases choline uptake and metabolism, we next aimed to ask the reciprocal question as to the importance of choline uptake and metabolism for macrophage inflammation (in response to LPS). We initially hypothesized that choline uptake and subsequent incorporation into PC in the macrophage would be important to accommodate the increased burden of cytokine secretion and trafficking, which involve the ER and trans-Golgi network (39, 40) . The Chinese hamster ovary cell line MT58 (containing a thermosensitive mutation in the Pcyt1 gene) has provided an excellent model to study PC depletion and has shown that reductions of PC levels lead to ER and Golgi dysfunction (41) (42) (43) . Similar defects in protein trafficking were observed in peritoneal macrophages derived from CCT␣-deficient mice, where reduced PC synthesis was accompanied by intracellular aggregation and reduced secretion of TNF and IL-6 (19).
Contrary to our hypothesis, when we inhibited choline uptake with HC3 or with a CTL1-specific antibody for a period of 48 h followed by a 6-h stimulation with LPS, the secretion of inflammatory cytokines, such as TNF␣ and IL-6, was higher, whereas IL-10 secretion was lower (Fig. 5) . Interestingly, HC3 or CTL1-Ab treatment effectively inhibited choline uptake and diminished PC levels in the cell (Fig. 4) ; however, no defects in cytokine secretion were observed. There remains the potential that experimental differences could be the root of the divergent phenotype between our model of choline depletion and the CCT␣-deficient macrophages. First, we used primary BMDM, whereas thioglycollate was used to elicit peritoneal macrophages from WT and CCT␣-deficient mice (19). It is wellestablished that the phenotypic and metabolic differences between these two primary macrophage populations are many; therefore, it is unlikely that a direct comparison can be made (44) . Moreover, we inhibited choline uptake, both pharmacologically and using antibody treatments for 48 h. This is compared with a genetic knockout, in which compensatory mechanisms (apparent or not) may have been at play. Interestingly, previous studies have shown an anti-inflammatory role for exogenous choline in primary macrophages from ␣7 nicotinic acetylcholine receptor null mice, whereby in these cells, TNF␣ release was blunted (45) . Moreover, PC supplementation stemmed pro-inflammatory programming of intestinal epithe- 
lial cells (46) . Taken together, these findings suggest that choline and PC supplementation may have anti-inflammatory implications that are both independent of the cholinergic system and extend beyond innate immune cells.
In our model, following the chronic inhibition of choline uptake, LPS-triggered TNF␣ and IL-6 were higher, whereas IL-10 secretion was lower, which is potentially indicative of a pro-inflammatory shift. Past work has demonstrated that choline deficiency can induce phospholipase C activity to lower sphingomyelin and increase ceramide levels (47) , which has ties to apoptotic and pro-inflammatory signaling (48) . In addition to providing the major membrane phospholipid component, PC is also considered an important reservoir for AA-derived lipid messengers, such as prostaglandins and leukotrienes (20, 21, 49) . Future studies could test the potential that the inhibition of PC synthesis alters downstream AA-derived signaling pathways to differentially affect cytokine release.
Phospholipid metabolism is intricately linked to FA and lipid homeostasis. There have been many examples in various cellular systems whereby the disruption of either the CDP-choline or CDP-ethanolamine pathways, which produce PC and phosphatidylethanolamine, respectively, have resulted in a redirection of DAG and aberrant lipid homeostasis (19, 47, 50 -52). In our studies, choline deficiency induced by pharmacological or CTL1-specific inhibition limited the availability of the initial substrate in PC biosynthesis and hence led to 1) a reduced flux through the CDP-choline pathway and 2) an accumulation of DAG and TG. Although the cellular consequence of increased TG remains unclear, HC3-treated cells had higher expression of Dgat2 and more defined lipid droplet formation, which is in keeping with a redirection of DAG toward TG. However, how TG metabolism may be altered under this condition warrants further investigation. We provide evidence for an up-regulation of PKC activation that was associated with higher DAG levels. Previous work in macrophages has demonstrated that DAG-mediated PKC activation can increase signal transduction through the NF-B pathway, and treatment of macrophages with a PKC inhibitor reduces LPS-induced inflammatory signaling (27) (28) (29) . Inhibition of PKC activity with BIM was partially effective at restoring normal cytokine secretion in our study, where TNF␣ and IL-6 were lower and IL-10 was higher (Fig. 8) . Although this points to the involvement of PKC signaling, 1) an exhaustive panel of isoform inhibitors was not used, and 2) at the concentration used (20 M), the specificity for conventional and novel PKC isoforms is reduced. Although pharmacological inhibition and antibody occlusion provide models of choline deficiency, it would be interesting to interrogate the role of CTL1-mediated choline uptake in primary macrophages from CTL1-deficient mice; however, to date, no mouse model has been described.
We demonstrate that pro-inflammatory polarization increased choline uptake and subsequently PC biosynthesis, which primes the macrophages to respond appropriately to immune stimuli (Fig. S6) . Augmented choline uptake is probably CTL1-dependent and would provide necessary amounts of PC to membranes (organelle and plasma membranes) for the packaging and secretion of cytokines. Moreover, we show that modulating PC biosynthesis has the capacity to reprogram immune responsiveness in primary macrophages and highlights a reciprocal link between choline metabolism and macrophage inflammation.
Experimental procedures
Animals
Mice (C57Bl/6J) were originally purchased from Jackson Laboratories (stock no. 00064) and bred in a pathogen-free facility in the University of Ottawa animal facility. Mice were maintained on a 12-h light/dark cycle (lights on at 7:00 a.m.) and housed at 23°C with bedding enrichment. Male and female mice ages 8 -16 weeks were used for the generation of primary macrophages as described below. All animal procedures were approved by the University of Ottawa Animal Care Committee.
Isolation, culturing, and polarization of bone marrow macrophages
BMDM were isolated and cultured as described previously (53, 54) . Bone marrow cells were obtained from the femur and tibia by centrifugation. Briefly, mice were euthanized, and the bones were dissected free of all musculature and connective tissue. Bones from each leg were cut and placed inside a 0.5-ml tube with a hole punctured in the bottom by an 18-gauge needle, which was placed inside a larger 1.5-ml tube. To the 0.5 ml (bone-containing tube), 100 l of DMEM was added, and cells were obtained by centrifugation at 4000 rpm. Bone marrow cells were resuspended in 1 ml of DMEM and filtered through a 40-m filter to remove any debris and made up in a final volume of 85 ml of complete DMEM (4.5 g/liter glucose, with 1ϫ L-glutamine and sodium pyruvate (Wisent)), supplemented with 10% FBS (Wisent) and 1% penicillin/streptomycin (Fisher). Cells were differentiated into macrophages using 15% L929-conditioned medium as a source of macrophage colonystimulating factor. Cells were plated into 10-or 15-cm dishes and allowed to differentiate for 7 days. On day 8, cells were lifted by gentle cell scraping, counted, and seeded into culture plates for experiments (2.5 ϫ 10 5 for 24-well plates, 4 ϫ 10 5 for 12-well plates, and 1 ϫ 10 6 for 6-well plates). Cells were treated for 48 h with or without 100 ng/ml LPS (Escherichia coli B4, Sigma-Aldrich) to skew BMDM toward an LPS-polarized phenotype.
Choline uptake experiments
The rate of choline uptake was determined by measuring [ 3 H]choline chloride (PerkinElmer Life Sciences) uptake over time. Cells were seeded into 24-well plates. One hour before uptake, medium was removed, and cells were washed with PBS before being incubated in Krebs-Ringer-HEPES buffer (KRH; 130 mM NaCl, 1.3 mM KCl, 2.2 mM CaCl 2 , 1.2 mM MgSO 4 , 1.2 mM KH 2 PO 4 , 10 mM HEPES, pH 7.4, and 10 mM glucose) to remove exogenous choline for 1 h. Immediately before uptake, cells were washed again, followed by the addition of KRH containing 1 Ci/ml [ 3 H]choline, and were incubated at 37°C for the desired time (1-30 min) . Following incubation, cells were washed twice with ice-cold KRH buffer and lysed in 150 l of 0.1 M NaOH, and an aliquot was used to determine radioactivity by liquid scintillation counting. Total cellular protein was Macrophage inflammation and choline metabolism determined using a BCA protein assay (Thermo Fisher Scientific) according to the manufacturer's instructions. Choline uptake was expressed as pmol of choline/mg of protein. Choline transport kinetics and uptake inhibition to the choline analogue HC3 were performed as we have described previously (5 (2-48 h ). Cells were then washed twice with PBS and lysed with a freeze/thaw cycle at Ϫ80°C in 200 l of PBS. Lipids were extracted using the method of Bligh and Dyer (55) , and the chloroform (lipid-containing) phase was evaporated to dryness under nitrogen gas and resuspended in 50 l of chloroform. Phospholipid and neutral lipids were separated using TLC as described previously (51), and the radioactivity associated with each lipid was measured using liquid scintillation counting. Total protein was measured by a BCA assay.
PC degradation
For pulse-chase experiments to determine PC degradation, macrophages were seeded into 12-well plates and pulsed for 2 h with 1 Ci/ml [ 3 H]choline-containing DMEM. Radiolabeled medium was then removed, and the cells were washed with PBS and chased with DMEM containing an excess (500 M) of unlabeled choline for 1, 2, and 4 h. For analyses, the cells were washed twice with ice-cold PBS and processed as described above.
Chronic choline uptake inhibition and determination of PC content
Choline uptake was chronically inhibited by incubating BMDM with a 250 M concentration of the high/intermediateaffinity choline transport inhibitor HC3 for 48 h. To specifically test the role of CTL1, cells were incubated for 48 h in the presence of either a CTL1-specific antibody (a gift from Dr. Marica Bakovic, University of Guelph) or an IgG isotype control (Jackson ImmunoResearch), both at a 1:250 dilution. In parallel experiments, macrophages were treated with HC3 and CTL1 antibody in the presence of 500 M choline chloride (Sigma) or 20 M BIM (a gift from Dr. Marceline Côté; originally purchased from Cayman Chemical). To determine PC content, cells were plated in 6-well plates and treated as described above. Following 48-h treatment, cells were washed with ice-cold PBS and processed using a PC assay kit (Abcam) as per the manufacturer's instructions. Duplicate wells were used for protein determination, and PC content was expressed as nmol/mg protein.
Determination of cytokine secretion
Cells were plated in 24-well plates. Following chronic (48 h) choline uptake inhibition, as described above, BMDM were stimulated with or without 100 ng/ml LPS for 6 h in 300 l of medium (HC3 or CTL1-Ab was replenished during this treatment). The medium was collected and stored at Ϫ80°C. Cytokines were determined initially using the Mouse Cytokine Array Panel A (R&D Systems), according to the manufacturer's instructions. For TNF␣, IL-6, IL-10, and IL-1␤, Duoset ELISA kits (R&D Systems) were used, again in accordance with the manufacturer's instructions.
Transcript expression
Total RNA was isolated from BMDM using the TriPure reagent protocol (Roche Applied Science). Isolated RNA was resuspended in 30 l of RNase/DNase-free water (Wisent). The QuantiNova TM reverse transcription kit (Qiagen) was used to synthesize cDNA according to kit instructions. To determine transcript expression, the QuantiNova TM probe PCR kit (Qiagen) was used in combination with TaqMan primer-probe sets. qPCRs were run on the Roto-Gene Q (Qiagen). Relative transcript expression was determined using the ⌬⌬Ct method and normalized to the average expression of ␤-actin and Tbp (56) .
Immunoblotting
Following treatments, BMDM were washed twice with PBS and lysed in a denaturing lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM NaCl, 1 mM EDTA, 0.5% Triton X-100, 0.5% Nonidet P-40, 100 M sodium orthovanadate, and protease inhibitor mixture tablet; Roche Applied Science), or for CTL1 immunoblotting, a nondenaturing native lysis buffer (identical to denaturing lysis buffer but lacking Triton X-100 and Nonidet P-40) was used. Proteins were equally loaded onto an 8% SDS-polyacrylamide gel, where samples being probed for CTL1 were not boiled before loading. We have found that although previous literature documents that full nondenaturing conditions are optimal for identifying a single CTL1 (ϳ72 kDa) band via immunoblotting (6), a combination of native lysis buffer and denaturing SDS-PAGE is ideal for cultured macrophages. Gels were transferred onto a polyvinylidene difluoride membrane (17 min at 1.3 A) using the Trans-Blot Turbo TM transfer system (Bio-Rad) with Bjerrum Schafer-Nielsen buffer (48 mM Tris, 39 mM glycine, 20% methanol). Membranes were blocked for 1 h in 5% BSA and then incubated at 4°C overnight in CTL1, CTL2 (Abcam, catalog no. 177877), PKC substrate motif (CST, catalog no. 6967), or ␤-actin rabbit (horseradish peroxidaseconjugated, CST, catalog no. 5125). A 1:1000 dilution of stock antibodies in 5% BSA was used for primary antibody incubations. The following day, membranes were washed four times in TBS-T (20 mM Tris, 150 mM NaCl, 0.05% Tween 20) , and all blots except ␤-actin were incubated for 1 h in HRP-conjugated anti-rabbit IgG (CST, catalog no. 7074, 1:5000 dilution). Clarity TM Western ECL solution (Bio-Rad) was applied to membranes, which were visualized using the LAS 4010 ImageQuant imaging system (General Electric). Densitometry analysis was performed using ImageJ software (version 1.48), where CTL1 and CTL2 expressions were normalized to ␤-actin.
HPLC-ESI-MS/MS lipidomics
Macrophages were treated as described above and extracted using a modified Bligh and Dyer protocol (55) described previously (57) (58) (59) . Briefly, cells were collected, counted, washed with PBS, and pelleted at a concentration of 1 ϫ 10 6 cells/sample. PBS was removed, and pellets were stored at Ϫ80°C until extraction. Four milliliters of acidified methanol (Fisher, cataMacrophage inflammation and choline metabolism log no. BP1105-4) containing 2% acetic acid (Fisher, catalog no. A38-212) were added to cell pellets and transferred using a glass Pasteur pipette into Kimble 10-ml glass threaded tubes (disposable; VWR, catalog no. 21020-640). MS grade lipid standards, PC(13:0/0:0) (90.7 ng; Avanti, LM-1600) and PC(12:0/13:0) (100 ng; Avanti, LM-1000), were added to the homogenate at the time of extraction. Chloroform (Fisher, catalog no. C298-500) and 0.1 M sodium acetate (J.T. Baker, catalog no. 9831-03) were added to each sample at a final ratio of acidified methanol/ chloroform/sodium acetate (2:1.9:1.6). Samples were vortexed and centrifuged at 600 ϫ g for 5 min at 4°C. The organic phase was retained, and the aqueous phase was successively backextracted using chloroform three times. The four organic extracts were combined and evaporated at room temperature under a constant stream of nitrogen gas. Final extracts were solubilized in 300 l of anhydrous ethanol (Commercial Alcohols, P016EAAN), flushed with nitrogen gas, and stored at Ϫ80°C in amber glass vials (Chromatographic Specialties, C779100AW).
Lipid samples were analyzed using a triple quadrupole-linear ion trap mass spectrometer QTRAP 5500 equipped with a Turbo V ion source (AB SCIEX, Concord, Canada). A. Maisch, Ammerbruch, Germany) was used with a binary solvent gradient consisting of water with 0.1% formic acid (Fluka, catalog no. 56302) and 10 mM ammonium acetate (OmniPur, catalog no. 2145) (solvent A) and ACN/IPA (J.T. Baker, catalog no. 9829-03; Fisher, catalog no. A416-4) (5:2; v/v) with 0.1% formic acid and 10 mM ammonium acetate (solvent B). The gradient started from 30% B, reached 100% B in 8 min, and maintained for 37 min. The solvent composition returned to 30% B within 1 min and maintained for 14 min to re-equilibrate the column before the next sample injection. The PC and SM lipidome was first profiled using a precursor ion scan in positive ion mode monitoring transitions from protonated molecular ions to m/z 184.1. Data acquisition for quantification was then performed in the positive ion mode using selected reaction monitoring (SRM), monitoring transitions from protonated molecular ions to m/z 184.1. Molecular identities were confirmed in a single HPLC-SRM information-dependent acquisition (IDA)-enhanced product ion (EPI) experiment in which SRM was used as a survey scan to identify target analytes, and an IDA of EPI spectra was acquired in the linear ion trap. After acquisition, the EPI spectra were examined for structural determination. Instrument control and data acquisition were performed with Analyst software version 1.6.2 (AB SCIEX). MultiQuant 3.0.2 software version 3.0.8664.0 (SCIEX) was used for processing of quantitative multiple-reaction monitoring data. For quantification, raw peak areas were corrected for extraction efficiency and instrument response by normalization to internal standards added at the time of extraction. Lipid abundances were then expressed as pmol equivalents of the internal standard PC(13:0/0:0) per 1 ϫ 10 6 cells.
Flow cytometry
Macrophages were plated in 6-well plates and treated with DMSO or HC3 (250 M) for 48 h. After washing with PBS, cells were scraped and stained with Zombie Aqua dye (BioLegend) for 30 min on ice. Cells were washed and resuspended in DAPIcontaining FACS buffer (1% BSA, 2 mM EDTA in PBS) and acquired using a FACSCelesta flow cytometer (BD Biosciences). Viability and cell size were calculated from the frequency of live cells among singlet cell events and forward scatter, respectively.
Confocal microscopy
Macrophages were plated in 24-well plates containing #1.5 glass coverslips and treated with DMSO or HC3 (250 M) for 48 h. After washing with PBS, coverslips were fixed with 1% paraformaldehyde for 15 min at RT and permeabilized with 0.1% Triton X-100 in PBS for 5 min at RT. Cells were stained with DAPI and Nile Red for 15 min at RT and mounted using Prolong Antifade Gold (Thermo Fisher) on SuperFrost Plus slides (Thermo Fisher). Z-stack images were acquired using an LSM800 AxioObserverZ1 microscope (Zeiss) with a ϫ63 (1.4 numerical aperture) oil objective. Images were equally adjusted and using FIJI software (National Institutes of Health).
Statistics
All statistical analyses were performed using Prism version 7 (GraphPad Software Inc.). Transcript and protein expression were compared using a nonpaired Student's t test. Choline incorporation data were analyzed using a two-way ANOVA. Kinetic curves, HC3 IC 50 curve, and values were generated using the Prism version 7 nonlinear regression MichaelisMenten curve fit and nonlinear regression versus response with variable slopes curve fit, respectively. Chronic choline inhibition experiments and cytokine secretion experiments were analyzed using a one-way or two-way ANOVA as indicated, where significant difference between groups was determined by Tukey's post hoc test. For all comparisons, a p value of Ͻ0.05 was considered significant. Quantification of PC and sphingomyelin abundances was analyzed by two-way ANOVA with Holm-Sidak post hoc test. For all comparisons, a p value of Ͻ0.05 was considered significant. 
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